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WALL CORRECTIONS) |
Cover v394e i tle ‘

J. C. Vayssaire

Abstract. Demonstration of thow empirical formulas, which
serve to determine the scalds of models in low-speed wind
tunnels, are inadequate and lead to the use of small
models in large test chambers. Two types of corrections
are proposed (blockage corrdctions and wall corrections)
to obtain uniform results flom models or half-models of
large size in reiation to tHe test chamter. A number o
studies dealing with blockade corrections are analyzed.
The essential concepts relafing to wall corrections are
[ reviewed and further develoged. Currently used blockage
i correction formulas_are pge en§ ed, and some examples of
L wall corrections aré‘p?5p 844 OTﬁgessudy is illustrated
] by some test results.

.
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L
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Foreword

Confronted by a ceriain degree o} scatte41nguof test results provided
}

i by low-speed wind tunnels, chiefly with a V1ew to investigation of centers or

- high list coefiicients, Mr. H. Deplange, Gene}al Technical Director, and
h.Mr:. 0. Monod, Chief of the Aerodynami¢ Testing Division of Marcgl Dassault
- Aircraft, have suggested, in February|1966, the undertaking of the present
:study. Their report was made during § meeting of the Commission of Aero-
- dynamics of the AFITAE.

bow

During this meeting, Mr. J. Brocgrd recollected that the semi-guided
rectangular sections (like those of the Breguet wind tunnel) require wall
- corrections so low tnat they can almogt be disregarded. This quality,

quite recently confirmed by several tests of models of Dassault aircraft,
led to the recollection of ideas held|by Professor A. Toussaint, as well
E as formules and results relating to these corrections made before 1940.

T 17
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§

_ It will also be noted that the theoretical corrections shown in the
}-following pages can be swiftly accomplished directly from the output of

*Numbers in margin indicate paginatiop in foreign text.
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~ measuring chains of wind tunnels, using computers.

}._

Page Ono [Tiile )
}- It was therefore absolutéi}“necejsary to translate the correctipnal

formulas {into machine languages Thig, furthermore, will improve prtcision

in the dererm1nat10n of certaln cor;eatlve {erms
Summa ry
Wind Tunnel Interference at Low-Speed

Part one shows how the empirical |formulas used to specify the scales

™1 1771771 "T’T'T"T

of models in low-speed wind tunnels age inadequate and lead to the use of
small models in large test sections.

[

f

tions and wall corrections, ip order fo prQyide uniformity of experimental
results produced using models or halfsmodels having large dimensions with

__respect to those of the test section.

Two types of corrections are pro;osed in this case: blockage correc-

N A I

Part two analyzes various works elat1ng to blockage corrections.
— These corrections essentially consist

in natugal (guhle correction of the

_ reference dynamic pressure, hence vel C1tv

1

then further developed. The latter a

Part three takes up the essentla} ideas relating to wall corrections,
| in direction.

e used to correct the reference veloc1t%

Part four discusses proposals fof blockage cowrection formulas now in
use and some examples of wail corrections are given. These examples relate
<0 testing of models in a guided circfilar section and half-models placed
in front of a panel located in a gaidpd circular section.

Part five of this study is illustrated by some test results from Avions
Marcel Dassault models corrected according to the method studied. The rela-
tive importance of various corrections is detailed.

T r17r 177

In conclusions, the developmentai potential of this study and remecining
: problems are discussed. :

Key bibliographical referoncegAgLe listed. Some minor references are

y

mentioned in the text.
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I~ Part One: General Comments

- bove ne
H 2 U ne
FI.O d

— It i

" to produce valid results, i.e. requir

to a minimum.

TTTUTETY

T

1

In this way, as a general rule,

R T A

test section.

over
- this rule by calculating the velociti

: the span of a straight wing placed in
- section [1].

- In a free circular test section,

still conventionalcggethG%Eesep;Qtime to assume that, in| order

necessary to use small models in largﬁ wind tunnels.

The wall corrections and the blockage corrections are therefore reduced

Blockage corrections are sometimes even disregarded.

or that of a complete airplane should {not exceed 75% of the width of the
Stewart, amongcotherD étggarcgas mathematically demonstrated

|

i
h’:le

ng only slight corrections, it}is

I

he span of a model of a straight wing

s induced by the walls according to
a test section with circular cross
!

a wing whogé''$pan is too large behaves |

: as if it had a twist greater than real
- with respect to flight. The contrary

" guided circular test section.

=

1.2

-

Nevertheless, this rule h-s been
- delta wing or swept back wing.
" to cross section C of the airway of t
~ It is proposed in this case, in order

The sIrface S of such airfoils with respect
e

ity and [the results are optimistic

situatidn occurs in the case of a

found inadequate in the case of the

test section plays a great role.
to produce suitable results, to use

| ruies such as:

0 S 1

-

_ or better ‘

o
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TABLE OFf SYMBOLS
Page Qne [Titls
ross section of alrway in the test section.
kin the case where the test section is occupied by a complete model
n the absence of pafietsroPagiatform).
FCase of the half-model with wall--see Figure 4).

Coefficlent of uncorrected piitching moment.
Coefficient of drag of separdtions.
Coefficient of uncorrected dnag.
Coefficient of uncorrected l;ft.

Coefficient of corrected pitghing moment of the blockage.
Coeffictent of corrected drag of the blockage.

Coefficlient of corrected lifYy of the blockage.

Coefficient of entirely corrdcted pitching moment (blockage and
walls).

Coefficient of entirétyccoPagetédudrag.

Coefficient of entirely corrdcted 1ift.
Equivalent djameter of the mgximum fuselage cross section.

Radius of a circular test segtion. |
Reference surface of the modql. Totdi guryjace of a complete model.

~D
- L Length of the fuselage.
- R
— S
- Surface of the path airfoil [case of |the half-model).
)
_ © fuselage. l |
- §
|0 test section.
_.vo True "iInfinity upstream' velgcity.
:Vm Volume of the model.
b Span of a half-model.

2b Span of a completc model.
Zcb _ Chord. of the wing tip.
- <, Chord on the axis of symmetry of the wing.
K Reference chord.
-°r
L g

e Maximum thickness of a profije.

i Incidence of the model. 7

{_ Side slip angle of the model

Main aerodynamic chord.
T; Maln aerodynamic chord of the wing, deflned by

Surface of the horizontal gtabilizer, including the part in the

Cross section of the test segtion = nRz in the case of a circular

Distance from the panel to the center of the circular test section.

Co+Cp

. ,.,_(c‘,,c._co c»)
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: - TABLE OF SYMBGLS (CONT'D)

§ - P T it

; L ee Figure 7. D i

; L t:]e Pee Figure 7. i L o |

- ‘ cOVO T age L C

; - ]G tee Figure 7. ;

i [:q ynamic alr pressure.

: u induced axial velocity.

. W Induced vertical velocity.

§ - Xg See Figure 7. ‘

E ~ ACm Correction of airfoil pitchifg moment.

.

1 i ACme Correction of pitching momenty of horizontal stabilizer.

. c -

§ ~ - ACx Correction of walls relative [to drag.

¥ — ACx Correction of drag coefficient owing to static pressure gradient

: L9 of the wind tunnel.

} ~ ACx Correction of drag coefficiedt owing to slip stream gradient.

i LR 5 Coyer, Page Sourg

§ 20 L Ai Correction of walls relative{to Incidence.

y T8 Coefficient of correction of lwalls corresponding to the mean value

f E of the angle !nduced in spanitaken according to the line located at

3 i the quarter point of the choids begiqning from the leading edge.

i i A = bb"/S Geometric elongation. |

251 p Specific gravity of the air. | (G
! —=—— —toefficient—of development—of—the-an ‘nduced—btv—thewatts accord=
ing to 2 direction parallel go the lgngitudinal axis of the wind
B tunnel.
S "1 + 2¢ Coefficient of correction of ldynamic pressure.
- 30 |
’i _ Subscripts
_a Relating to the wing.
e Entirely corrected.

4 3 e Relating to the stabilizer.
f Relating to the fuselage.
| G Relating to the center of gr3vity position.

u Uncorrected.

Relating to the correction of walls defined by the coefficient §.

Lo

T
O
ety — ) —

|
Our goal is therefore to make uniform those wind tunnel results ‘

NS ~ produced beginning from models of a sgme aircraft carried out using different

:scales and tested in various types'of test sections by applications of rela-
~tions of suitable corrections.
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In the present state of the

L— art, we have ascertalned that the proposed
b . . N
i relations warrant values of: ©.1 oo T

i i
- | |

S 1 i

, - 202 =
- I c 2=3 ‘
- | \
b :
i or even !
"~ :
- s _
e Czmax. c” 037
i
i
1.4
i These are double corrections: blockage corrections as well as wall
— corrections.
- Cover Pagde Source
- The result from mathematical developments consisting in the substitution
i for the flow around the wing or a str¢amline body of a system of vortices,
t doublets, sources and walls.
?- A slip stream likewise can be retlaced bl a(goprce so far as it is

. possible to depict an aircraft by "art1f1c1al" mathematical means presenting
- prevlems whose solutions become more txact ané precise as the simulations

L..
| become closer to reality, hence more

In addition, the wind tunnel wal}

them infinite rows of pictures of vort
The effects of
: are the same as those of the walls.

wing or the aircraft.

Note that the walls of the wind

1

T 1T 1

I more, since it is possible to simulat%
s

ompiex calculations.

s complicate these calculations stii’
their presence by substituting for
ices, sources and sinks defining the
this system of pictures on the model

tunnels are free or guided requiring a
definition of conditions at the boundaries.

At the level of exploitation of the tests it is absolutely necessary

. to determine precisely some of the gepmetric data and, in addition, to make

- supplementary tests passing beyond thg scope of the wind tunnel testing pro-
E gram heretofore strictly limited to the aircraft program. These supplementary

-~ tests are necessary ia oxdar to define some corrective terms with precision.
b

(s
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- These corrections therefgfiﬁrggﬁﬁ

. 1t1es caused by the model in the presence of walls:

r—:t1es 1nsofar as concerns "blockage,"
- so called! "walls" case. J

k In reality, these induced veloci
. result from rows of pictures of specia

I~ cvaft and which are substituted for th

{

i Furthermore, we shall no longer
L. conceding a constant mean value at ri
™~ dicular to the direction of the "infin

- substituted for the airfoil. cover Pag

L. This constant mean value results

i
|
L:of a constant distribution of the 1if{

tLp:nuide,_furthermnre, quite uniform .

. We shall then consider these indyced veldcities in their development
according to directions parallel to the longitudinal axis of the test section
from the bearing line as far as downstream infinity.

1.6

|~ and abroad (Germany, England, Japan,
-many scientists, or immediately follo
-

Fships in order to define a method for

~ found possible to generalize the stud

e taa — .

Qifme the concept of "inducedlveloc-

‘vertlcal induced velocities 1n the

ht angles to the bearing line perpen-

either on the hypothesis of an elliptj

. The components needed to set up these corrections have essentially been
- extracted from various reports made im aerodynamics published both in France

L They were analyzed, collated, then studied together for interrelation-
lcorrecting raw test results made in a
_ low velocity wind tunnel opersted by Avions Marcel Dassault.

.- own studies in experimental aerodynamjcs,

NAsr

{
axial induced veloc-
f

ies are applied on the model and
1 features replacing the wing or air-

e walls.

onsider these induced velocities as

ite downstream" velocity which is

e Source

from theoretical calculations btased
cal distribution or on the aypothesis
in spai.
ults .

These two calculation modes
(%'

SA) before the Second World War by
ing the latter.

It was
for a better interpretation of our
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]
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the incidence (if necessary thegéifmedﬁeffdcient), the drag coefficient and
the coefflicient of pitching moment or las the corrections of blockage| are

applied tp the six componentsi{at-theysame: tdime taking some precautipns
insofar aE

. . ’ e
At the present time, the correctqons of walls, improved ones, involve

the three components of thj lateral are concerned).

This constitutes a considerable development from the time when Prandtl

and, above all, Glauert took them under consideration and summarized them

= [2].

T

o

f The applications of these doublecorrections to the raw data are sub-

I” ject to two controls:

- The raw data have aEneadbeQenSoorrected for the ascendency of the

: test section and the various intiractions of the components as well as

- interactions of supports. These‘supports create not only additional

B harmful drags but also effects o* the lift and even the pitching moment

r_' 1

- of the model [3]. = S SR I U30) ]

- The raw data, in the form of dimensjonless coefficients, have

- been related to a dynamic refere*ce presdure, i.e. to a "infinite

i upstream' true velocity which is!independent from the incidence or

- deflection of the flaps, for example.

- This true velocity results from prior calibration in the wind tunnel.

" It is measured by a Pitot tube placed|in an advantageous position or else
given an experimental factor, or compensated by any other suitable means.
2.0

-

" 2.1

o

fson

The blockage corrections are the first ones which should be considered
[since they essentially correct the dypamic reference pressure to which are

- related the raw coefficients measured|by the wind tunnels. These cofre;tions
" are essential and important in the gujded test sections.

These corrections include thregc perms corresponding to the volume of the
~-model, to its slip stream and to its geparations.

[s_
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It may easily be under-

. Page One (Title stood that each one of these

|

components contributes|to the
L Tl el e iitie reduction of the cross&

- . Definitions of Blocking

section

St I g e s e s TR X AR T
.

mental

wn
N S R A T Y A A

W+, Yov s of airway of the exper
ma— e

______———~—‘% test section. The result is

-:iea—-——- RS, “m— that there is, owing to con-

g oo

16

tinuity of flow, an increase

TUrT T

in the true "infinite upstream"

T T T T P reference velocity (Figure 1).
; : Ll e . In addition, the increase

g
1

I

of velocity in the main flow

20 S0Urc

[S] . .
contributes to a reduction of

static pressure and an increase

1

iin the thickness of the bound-

ary layer on the model. This
2

— e ]exéigins—neenenly-an~increase—-

in velocity but the creation
. The Airway Cross Sections Decrease

- , of a static pressure gradient
20 F the Mode! P gre
2. ~ Owing to { the Slip Stream which overlaps the static
' ~ Separations '

pressure -radient characteris-

Three Causes of Increase in Vc]gcltT! tic of the test section. Each

I
v
A S|

one of the gradients contributey

-

to the creation of an undesired

fﬂ t:drag. It is therefore advisable to deduct from the total drag these two

ho'-drags that can be classified among th¢ blockage corrections.

o

Figure 1. Definition of Blocking. {d

_ calculations connecting a pressure gr

= Glauert has done a good job of specifying and summarizing the basic
;dient or velocity to the undesired

- drag resulting from them [2].

component only, although one gradient|can have an interaction with all six

We shall confine ourselves, in this study, to the correction of this
£ compone. ts of aerodynamic stress amth

ent (see A.R.C.R. and M 1166 and 1969}

Even ‘ Roman
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l..two and three dimensional system. In the two dimensional system, in a rec-

? (em/H) and such as (1/C)

'“T‘“""I'"T—Y"'"T'_r

-
{

E

-

L
I

T 717 1

2 O S A A 1 I A At A S S B

“work by specifying a term for "blockage of separations" [7]. This term,

2.2 i

1

The origin of calculatiofis7¥eYatifhg t6 Llockage corrections appear to
go back ap far as the works of Lock (1929) and as continued by Glaue&t.

I - -
Ly € ‘I’IL

Lock| was only interested in the calculatlons of volume blockag: ‘1n the

tangular test section with height H, dhere already appear terms such as
5/2 in the cgse of the three dimensional system [4].:
Indeed, these are relations which havé been exploited and further develop=d

in recent times. 1

As a matter of fact, let us recail that Glauert borrowed largély from
H
the relations of Lock at the same timé greatly simplifying their mathemati-
cal development. He likewisecgtgempgéé toupreceed further by proposing
empirical relationships of correction1 of blockage, slip stream and vortex
originated separations [2]. |
2.3 | |
1
i llll)
—— InmEngland;—Thom (1943) calculatéd the "quiéme*b1ocka§é" and "STip ~ ]
~ stream blockage' with application to the plané flow using the case of a
three dimensional model placed in a r ctangular test section [5].

Thom replaced the profile by a distribution of lines from sinks and
sources. '

The slip stream is depicted by ajsource placed at the trailing edge,
this concept having been proposed at yarious times by Prandt) [6]. However,
in the wind tunnel, the source should|be accompanied by a sink of equal
- intensity lccated quite far downstreaT Maskell (1965) supplemented this

produced beginning from a skillful mik of theories and experimental data

taken from British reports published during the years, is a function of the
elongation of the airfoil,

2.4

In the United States, Allen amdSfincenti (1944), have proposed, for the

p__ ane flow, correction formulas whi itable-—aad quite--

[0 | ] —_
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pr-posed by Thom. ... - . 4 - - 3

ThenIHerrlot (1¥50), taking up again the working bases from Thom and

recalling those of Lock, has calculated the 'volume blockage'" generally for

" rectangular test sections and for guided circular test sections. He then

{

—

T2

brought intoc play the span of the model and the diameter of the fuselage [9].
~ In a case of the slipstream blockage, Herrlot teuses the formula of Allen
— ¢nd Vincenti.

:
14
‘
'

In summary, we have ascetﬁainedséhasnnhee"slipstream blockage’ function

" of the drag of the model, variable with the incidence, has an identical

L shape in the case of the authors mentiuned above. This term is usable no

f‘matter what may be the cross section &f the experimental test section.

;_._ —— On_the _other haud, we. have.preferred ihem blockage' —constant—
F.term, of Thom because more simply, perthaps ler detailed than that of Herriot
7 but finally applicable no matter what jmay be ﬂhe cross section of the test

»

~ sections. 1In addition, this term hasibeen found to be usable in the half-

o=

-

S A I e

+- Herriot and which define on one hand

:on the other hand the span of the wing or diameter of the model fuselage,
-~ the constaat values 0.9 and 0.96 as ¢
]

— model tests with the wall located in ¢ guided circular test section.

In reality Thom provides with the products of factors calculated by
Ihe geometry of the test section and

be seen in section 4.1.1.

These values include most common'cases without contributiig appreciable

errors, as can be seen in the follawipg table set up for some models of
~ Marcel Dassault Aircraft. ‘

We should like to note that the last reports from NASA published in

1967 or 1968 still refer to the Herrift report when blockage corrections are
- carried out, thus reassuring us othh still current validity of the docu-
ments which we have consulted.

-

T

— complete [8] Their volume biockage correct1on very exactly coanects with
"those of Lock but it introduces terams vhxch were calculated for the Proflles

of conte:torary wings. Their szxpstrdam blockage correction is 1dent1cal
tc the o

i
i

i
1

Even
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— VOLUME BLOCKAqE--TERM 1 +A
- (SEE SECTION 4:1.1)
~ ' i
. I S5 Touiouse S2 Chaiais
28=4,25m 2R=3m
- i THOM |HERRIOT| THOM |HERRIOT ! |
:_ Mirage IV i 1,06€3 | 1.00531 |
. Mirage 11 V 1,00371 | 1,00294
_ Mirage F2 1,00368 | 1,0029 | 1,0105 | 1,0085
_ Mirage 6 | 1.0031 | 1.0025 | 1,00878 | 1,00724
- ]
- We have therefore used the terms; 'volume blockage' provided by Thom;

f”"slipstrean blockage" provided by Thon or Herriot!; "separation blockage'"
.- provided by Maskell.

p—

- The characteristic relationshipsjvalid-fer three dimensional testing

1

" are provided in part four of this study.

i

2.6

-
r

B

i
In the case of a model having a ‘Jingspan !of (gixen elongation, to obtain
| AL

z:Es“"a function of the incidence, the cde 1éiefff§'3fdrag and separation
:characterizing the corresponding blocgage ten*, is rather difficult. It is
.. possible to use the graphic method by jplotting Cxu as a function of CZZ‘_l

t'_ (Figure 2). Nevertheless, it appears [preferable to go through the inter-
—mediate step involving search for the|induced polar unit or even better the
:parabola which is calculated and mixed with the experimental polar unit on

— the large CZu area (Figure 2).

- Research of the parabola by the method of least squares applied %o
sible by machine.

!
,r:experimental points CZu and CX, is po
1

Nevertheless, in order to obtain a good precision, it is important to
- take measuring poiats closer together|along this parabola and even, if pos-
r[sible, to consider the parabola as a whole. In this case, it is found suit-
- able to carry out testing using the ipcidences found in the environment.

b
[

- thus, for example, during the study of high lift wings, measurements using

T This term is Found as early as ir Germany. Sce Wieselsberger and
S:Gothert, L.G.L., Report 127, ’

L1z . L]
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high incidences are begun in

order to satisfy the needs of
the aircraft's manufac;

urer,

"¢ but it is necessary tolperform

tests using low incidences,

even negative incidences in

e order to specify the corrective

terms for the wind tunnel.

y

t s : This method has been

- 2 developed by the planning offic+.
I ! ] of Avions Marcel Dassault, at

- o @z e a6 a By, S Saint-Cloud. It is proposed

I___ )‘q = G“trk:a& Elongation of. the u‘mgmrcefor use by offices involved

L. with calculation and analysis

- Figure 2. Definition of Separation D*ag.

lOf wind tunnel testing. |

-

This term for correction of sepa*ations 45 igpglied in a completely

ﬁ-general way. It may be used, for exagple, in [the case of slender wings as
[ soon as the apex vortex appears as well as in]the case of all vortex flows
— provided that they originate - 1ither fg~ upstream on the trailing edge. The
: induced parabola is then determined uging a reduced area of low incidences.

In the lateral case, as noted by Mr. Taurel, Chief of the Aerodynam.c

— Group at CEAT, separations can origingte with low incidence but with strong
:sideslip. The understanding of the term separation blockage, in this case,

- is then determined beginning from the|induced parabola Cyu, Cxu graduated as
" an angle of sideslip j°. o

" 2.7
r.

When the supports of models, such as mass and fairings, are located in
~ the test section, it is important to take into account by their volume and
::drag--two constant terms. It is suffjcient to merely increase the constant
- term ''volume blockage'' of the model by a certain percentage.

-
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— Let ps conclude with the $ict thdt it is advisable to distinguizh
™ between the "cosking effect” and '"blodkage'. The corking effect is [
- ar Dage T .. .
~ by the loss of load created h§°¥h5 mo elTiﬁ]%he flow inside the wind|tunnel.

" There results from this a reduction off velocity, quite visible with increase

faused

I

Y.
1

of incidence, which is recorded by th¢ Pitot tube measuring the '"true up-

stream infinite" velocity. In this case the blockage is an increasc ir
velocity around the model and may be éalculated.

2.9

LI D I B A

1

We have just examined the case of guided test sectionms.

In the case of the free test section, the blockage directions can be

practically disregarded. Cover Page Source

As a pareuthetical note, let us levertheless recall with Lock [4] and

LR

~ Glauert [2] that in this type of test section!there is a corractive term
"~ for volume. This term is equal to thgt which is(gg;culated for the guided

1

test section of the same geometrical $hape. However, with a free test

section, it should be multiplied by -1/2 in tﬂe case of two dimensional

tests and by -1/4 for three dimensiongl tests. Therefore, these very small

T 7T T

corrections can be disregarded and we|can, nevertheless, note the appearance

of a negative sign.

In the period 1939-1941, the Ge
interested in this type of test secti

ns, with Goethert and l{uchemann, became
n from the compressible aspect point

of view, presumably owing to the smaljp size of their blockage corrections,

1D L

_ chiefly those arising from the slipstyream which can be freely expanded.

They did, however, place much emphasis on the blockage term owing to the
model volume which assumes a rather lhrge importance in compressible flows
and insofar as calculations can be e in the domain of validity of the
Prandt1l-Giauert rule, i.e. before the| appearance of a local sonic velocity. -

Nevertheless, the separations repain and, returning to the incompressile
aspect, it can be asked, but Ly thq.pre ~onsideration of a "dead zone"

rvr¥r VvV 11 111

T
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- The problem of these corrections (was investigated and solved by many
| scientists betore the Second Werld Wag. !
30

i

1;5

- T — —
behind the model, if the blockage resjﬁting froa this does not behave like
" a pseudoblockage of volume (sBecARCR-and:M-3120), additionally connefted to
the turbullence of the wind tunnel and {the roughness of the model. i

OV 7 rilge .
The same problem 11keW1se reﬁaingpiﬁ the case of semi-guided te%t

sections.

LT T T T

Nevertheless, beginning from the work of Maskell, it is possible to
deduce a method capable of experimentally determining the coefficient
characterizing the blockage term owing to separations in all cases cf test
i sections. A

T TTT

F.Part Three: Wall Correctiqns

-

- 3.0
Cover Pade Source

- Since the blockage corrections hjve provided the raw aerodynamic coef-

[ ficients their exact values, it is advisable then to make application of

- wall corrections.

In plane flow, the profile is replaced by a certain muber of particular

— features which are generally arranged |at the quarter point of its chord with

:respect to the leading edge and the sgyresses of test section limitation by

- an infinite row of pictures of these gpecial features with th> same orienta-

| tion in the case of the free test secfion and with an opposite orientation

-in the case of the guided test section. The induced velocities are then

| calculated using these pictures at the point located three quarters along the

L. chu.d of the profile or even, at its middle point, at the same time then
taking into account the curvature of the airflow caused by these velocities.
These various methods have been reported by Prandtl, Glauert, Pistolesi,

[ Sasaki, Rosenhsad, Tomotika, Toussaint and Goldstein.

The corrections in the three “imgnsional flows consist, by assuming

Leither a constant distribution, or WS elliptical distribution of the lift im

- _ I
[ ] I
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L.span, in order to calculate the induc%d velocities w by an infinice system

of vortices, pictures of margknald unpéi;g;(of the actual wing, at right

angles frpm the line located at 25% off the chords behind the leading|edge.

By thking for these veloci¥ies”iffucéd $n span a constant mean Value,
there is Found the well known conventijonal diagram of simple wall correc-

tions involving first incidence and t en drag.

These corrections have been foun inadequate for wings which are small
in size, straight or have a slight sw ep back of the leading edge, a great

YT T ETTTYT T

-
i

elongation or even a moderate elongatlon.

Indeed, these induced velocities |are evolutional on one hand in span, !
on the other hand according to directions parallel to the longitudinal axis
of the wind t mnel test sectippy., p.de Source

These considerations becrme absojutely necessary for study nf the
behavior of wings with slight elongatﬂon, i.e. for delta wings or for wings
| which have a rather large sweepback. |[Naturally, they are stiil useful in

E%Lhﬂ_case_aiLairgrgft models whi jzoptali¥tabilizers.

f In tne first analysis, without tgking into consideration the develop-
_ ment in sran of induced velocities, wg shall only use the value of this
velocity at right anglec to the '"mean|aerodynsmic chord" of the airfoil,
while still evaluating its variation according to this chord.

L Cerwainly, by acting in this manper, we are disregarding wall correc-
tions relative to the lateral: roll correction or roll. However, we shall
| reveal additional wall corrections reflating to the profile whose chord is

~ confused with the mean aerodynamic chprd and identical to those that could
| be found for this profile tested in al plane flow; i.e. supplementary correc-
tions for incidence, lift, pitch and, llf necessary, drag.

[ velocity according to the psofile ch

These corrections correspond tc @ linear development of the induced
d, hence to a camber of the circular

H

type of aerodynamic field according the longitudinal axis of the test
section.

T T 177

|

[T6

Even Roman 0dd




» ey

et

NGRS T AR PRI TP AP A TP > e

L

Pt toser

~

30

Lo

k5

6o

=1 rrrTrr

1

t

|
i

This camber, or curvature, is extended to infinity downstream and

interacts with the horizontaiagcabidqiériwhich is responsive to suitable

2 I

e I
|

| !
Emphasis should be placed on thq fact that the angles induced by the

- 1
correctlrns.

fn =D

i
3.2 l

T S

walls, resulting from the composition of vertical velocities irduced with

the "upstream infinite" true velocitx, are overlapped with the induced

ikewise add to the deflection angles

angles of the Prandtl theory relativé to wings of finite span located in
an unlimited environment. They may

caused by the airfoil and which can ?e found at right angles to the hori-

zontal stabilizer. {

i
Before carrying forwardCtherdEa*do@nnnmeof what has been described

above, it is worthwhile to review sope basic data.
3.3 Review of Concepts Concerning H*II Corr?ctions

3.3.0

R _ L _i,-,_(l*")

T T rTTrTTYTTT T T T T T

T T 1 13

i

- L3 TN

Even Roman , 0dd

In the case of straight wing with a S s%rface located in a completely
guided test section with a cross seckion So,gthe vertical induced velocity
w, as seen by the pictures, is directed upward. The angle measured in the
wiad tunnel is therefore too small. | It should be increased by:

. w S
Afﬁf‘Vf =8 &= Cz.

o (]

In the case of 4 free test sectfion, the induced velocity w is directed

downward. The measured angle is therefore too large. The coefficient of
correction 8 is negative.

3.3.1

The determination of the absolyte value of the coefficient § can pro-
duce, on a preliminary basis, some surprises. it would appear wise to
review a theorem ascribed to Glauert [10]:

"The wall corrections thafishould be applied to a wing with small
span, located in a free test se¢ction of any geometrical shape

L N

e Catee

A A P bt s - g s o <




P P Ty o S T A TSR e ]

P R ki Y XN

w

CTTTT U

30

35

4o

45

50

T T T T T ard

I

T

LI T I T

i

B

whatsoever, are of the same magritude but with a sign the reverse

of those that should bepapplied [tp:the same wing, pivoted 90°, but
lodated in a guided test section] of the same shape."

Figure 3 illustrates thﬁgv?ﬁe%fqﬁ by  taking as examples four types

I

of test sections: circular, square, |[rectangular and elliptical.

It is clear that, in the case of square or circular test sections, the
preceding theorem is valid without causing the wing to pivot by 90°, since
these are symmetrical test sections.

3.3.2 Case of Elliptical Test Sectlons

Let B and H be the respective size of the width and the height of the
ellipse.

(over Pagde Source .
In the case of a wing with a spdn 2b equal to the focal distance, whose

distribution of circulation is elliptical and placed symmet-ically with
respect to the two axes, the coefficients are very closely provided by the

i

T

T

1

T

|

Ll

T

formulas: _**J l_ W

. _H
B+

‘TR for the-fres test-Saction.

for the guided test section;

>
i

H) -
@

=
[
I
Bl

Therefore, for a sawxe value of the ratio B/H greater than 1, the
elliptical guided test section is responsive to a smaller correction than
that corresponding to the free elliptical test section.

A rotation of 90° of the wing thus demonstrates the Glauert theorem.
In addition, in the case of the circular test section with a radius R in
which .

R=8#H

and, in a case of a wing with an infinitely small span, the following is
certainly true:

§ = 1/8 ip the case of the guided test sectien,
§ = -l/dAf the case of the free test section.

R | -
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}- Page Cne hit}c The following are lhe

[: Wall Corrections? A | numes of some of the scEentists
[ Reverse Sign. Same Abﬁo}ute Value.T'{'tho’ between the two Wolld Wars,
B Aj) 0 Al <0 treated the problem of wall

~ ’ TN corrections: Glauert, Terezawa,
t __"____L_ — Theodorsen, Rosenhead and P.

- | de Haller.

i 28 We shall use chiefly:

L Prandtl in the case of circular

test sections [11]; Toussaint

' : i de Sourcgn the case of rectangular test

1
- % 'Lt:”g+-’ ‘_ sections [12] and [13]; and
B -, Sanuki in the case of elliptical
- T - test sections [14].

d_ J_ (LWe shall likewise mention
| 1:e works of Malavard. This

x|

:

|

I

X

|
..--[.-

in their entire system by the

method of rheocelectric analogies
[15]. We should not forget the
synthesis work of Chaffois [16].

3.3.4

t_‘._!

| L I L D L L L

Figure 3. Guided Test Section - Free The basic calculations for

Test Section. Glauert Theorem. the corrections are accomplisned

by assuming the wing located
in the center of the test section, gen%rally the case in testing.

T 1 1

LI

It is therefore possible to consifler the case in which the wing is
L.clearly above or below this central pobition.

L : » . nash

iter takes up wall corrections|
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‘_ The correction calculat1ons show hat the greater the distance from the
| _center of the wing going towardsothmaperipart of vhe test section, the more

o . .
I-the corredtions increase [17], for ex
L.

r“303o5

~
ol

~
Love!

grespect, on one hand, to the collector!output, on the other hand, to the

H

rinput of the diffuser has some interes

% With a plane current Toussaint [1
i27-28, have dealt with this problenm.

~advantageous to consult [21].

- In a general way, it appears that

-a value included between half of the h

- .
| CTOSs S ection.

3.3.6

flﬂﬁ Titie

e The free test section, the longit%dinal position of the wing with

irespect to the output cross se%%&%ﬁ ﬁﬂ?

Bt - 1o

!

|

T.
1, page 304, and Sasaki [16], pages
or the three dimensional test, it is

the wing should be iocated, with

e Collector, at a distance equal to
the coll d qual
right and the total height of this

' |
uu)

-

Let us comment on corrections hav
—-against a panel.

e

- When the panel consists of one of
:tion, [22] can be consulted.

_ When the panel is located in a gu

ing to db with half-models placed

the walls of a rectangular test sec-

ided circular test section, the works

tpf Kondo in [23] can be used.

- From the comparison between the v,

hfrom the calculations of Sanuki deali

Lmarles in the Kondo report) and those produced by Kondo relating to circular
rtest sections when limited by a panel, Lfe are able to conclude that: from

lues of the § coefficients resulting
with elliptical test sectiors (sum-

- 2 This finding should be reconcile
~ing to tests of models in the presenc
~Indeed, the more the model comes clos
~the more the corrections decrease eve

T 1

~simulates taxiing on the ground [18ﬁ % » 20, 23], for example.

with calculations of corrections relat-
of the ground (ground-interaction).

to the platform representing the groung
ually becoming negligible when the mode]

T
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-
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c< So

+-the aerodynamic viewpoint, a circular test section with a radijus R limited

by one panel situated at a distamcelde fromidhe center of the test section is
=

—perceptably equivalent to an elliptica] test section having as its minor
d has its major axisCA(R +

e (Figuxe 4).

This concept of equivalency
In this
way, a half-model placed against

may be generalized.

the vertical wall of a guided
rectangular test section with a
height H and width B may be
assimilated to a complete model
located in a test section with
¢ SO“rC%he same height but whose width
is 2.B (see [22], p. 8). Im
;:dition, [22] anticipates [34]

d [35] muntioned below.
(&

;....g

!lY!1’.j_‘fanTlil?lTT71lli1l

;Figure h. Half-Model With Wali. Circular
| Test Section. Elliptical Test Section.

T.B.?

These various basic con-
cepts further demonstrate their
importance by recalling the con-
cern of some scientists and the
requirement laid on by engineers
for the production of test sec-
tions in which wall corrections
would be 0, or at least negli-
gible. It is advisable to
remark that this idea was partic-

 ularly developed in France by
Toussaint.

B It may Be imagined, beginning freb considerations concerning free test
Lsections and guided test sectioms, thgf

NASY .
"test sections, the purpose of researgh‘bn.corrections~having one imposed

it is possible to set up semi-guided

L

Even

‘ 1
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,mvalue We can likewise reduce these cifrectlons to zero with a s;1tab1e i

T proportlon of guided walls with:gespes

l | )
|

Figure 5 illustraties this
l P:}lr Tyt T

to; free walls,

TT 0

Covo

!
)

“ investigation.
L, 15

t
2 o

The curves corresponding

_-‘T,m___
(-]
o

i

o0 to the circular test section
l-~=:\.(6‘4"'"¢' are extracted from the works of

N I. Tani and M. Taima [24] and

T

summarized by Kondo. These

\,
AN
o ggﬁngfﬁ\k : discussed the same problem in
! the case of half-models at the

-as R _ wall [25]. Malavard also dis-
2 Source

cussed this problem generally |

i
N\
L~
-
X
r/
1
>
3

/.

T

in the case of circular or

==X

Flliptical test sections [15].

{ gut from 1935 on, Tc¢...caint
e

o

l

22 oted the importance of the

Eloor and ceiling in the case |

Figure 5. Semi-Guided Test Sections. of semi-guided rectangular test

sections.

e

b The curves provided by Theordosen have already been explicit [26].
:Nevertheless, we prefer those plotted jbeginning from the works of Toussaint
- (Figure 6, [12]). Toussaint wrote at |a time when such test sections were
;supposed to have a double advantage: |corrections practiqally zero and easy

-design for private industrial laboratgqries [13], page 295. Under these c~n-
:ditions, two wind tunnels were produced having such test sections: first of
_all, wind tunnel number 2, low velocity, of the Institute Aerotechnique of

" Saint-Cyr school (B = 2.10 m and H = 1.80 m) then, in 1939, the Breguet wind
| tunr.t, located at Velizy, (B = 3.80 B and H - 3.07 m).3

fee

s The Breguet wind tunnel was const*uctod with the backing of N. J. Brocard
-and completely designed by M. Gruson, engineer at the InstitutolAnrotochniquo

- of Saint-Cyr,

s . v

[z | I
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) In this latter wind tunnel;
i

the corrections are zero, when

& v;-— Wall Corrections of Rectangular 2b/B = 0.57, or 2b = 2.;16 m
. qzi___; Test Sections - since B/H = 1.24, sincel 8 and |
o —— ! H
ol . a H respectively designate the ;
” e : r - width and height of the rectan-i
— ; . !
oS H— — {? gular test section. '
) nﬁLY L = Guided Test 3.4 Development of Wall 5
Ty L Section ~t . i
. ¥}'T —— Corrections. Evolution of;
T f}L Induced Velocitles. |
3 i = B i
Tez \ i 4 : l 3.4.0 ’
SREN\EE Dg_/_,i,dtﬁémi-suided Test |
Y ~ At Section (through Cosrr o The coxTrections previously i
: A [ horizontal walls) [
d : T s ! 2 haf :
i 7T LUy e s B4 shown are based on the concept |
4 - — o . :
X c A ! ) of induced angle A16 = w/Vo
{-gl__L/ | through the walls, localized at
~ ; " A
. _Y%-?\V T the guarter point of the chord
-02. T ! T = e :
! H \ i 1 ¢f the vight wing or the bearing
; ‘\ / : . |
{-a3l A : H ——d }ine and using the hypothesis
. . N1 ree Test .
o N Section that the value of w remains
- o
- \ | _ constant.
-gs. }g'According to Toussaint 3.4.1
BEA 2640 St

| Figure 6. Rectangular Test Sections
(Toussaint).

L
span and which will be located at the

&
chord of the airfoil.
L.

?ty induced according to this chord.. This evolution it linear.

rfore generates a curve, or camber, of

f}rivilggsd profile whose chord is neutiwith the mean aerodynamic chord.

k-

B i
ﬂfor w a constant value, one which is perceptibly equal tc its mean value in

- Subsequently, consideration is giyen the evolution of this vertical veloc-
: b

|
[ Indeed, w evolves in span.
Nevertheless, as a first approxi-

!
| mation, there still may be used

quarter puint of the mean aerodynamic

It there-
the circular type of airflow around the

b e e

o r ] 23
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" In this way, supplementary corrections appear which we can determine

t:by using some of the hypotheseSK#hichfﬂhﬁ%“been offered for the calcwlation
—of correcfions of walls relating to pr#files tested in a plane flow.

v

- By cqnsidering the veloczty 1nduced 1n the middle of the mean a4rodynam1c

' _chord la Jlth respect to tho one wh1ch’1s at the quarter point of this same
—chord, a determination may be made of the corrections for list, pitching
:moment and incidence, taken therefore as a function of la with a line drawn

.~above 1af4., This follows the originalimeaning of Glauert [2].

{
- Nevertheless, it is possible to djsregard the lift direction and carry
. !
' it over entirely to the incidence by dpubling its preceding value.

E Distance la/2 is revealed and the hypotheses of Pistolesi are used in

~this case, calculating the 1ndﬁteﬂr¢6m#c1ishanethree quarters of the chord
Lof the profile [27].

Furthermore, since the effect of the wall is to introduce around the

Lwing a circular camber of the test secfion, 1nlagreement with the theory of

:fin~profi}es- thene££ective~angle-othﬁCIdence1rs~ce4tarnty—the“angierlucnted“

hat the three quarters point of the chopd.

i

"'3-".2 v

|

:}he wind tunnel test section, the vertjc:) velocity induced by the walls
revolves far downstream fror the airfoif.

b~

= Such an evolution had already beep ofiered by Ciauert so as to correct

:for measures of deflgction at right les from the horizontal stabilizers
-[28]. anr

~ More recently, Heyson, confronted with the requirements of V/STOL air-

;kraft. well described the problem of plitch correcticns [29].

Heyson proposes two methods. On pne hand, he considers a correction
Hbased on a rotution of the airflow, rotatic definec by the difference of

;angles induced between the horizontal ptabilizer and the airfoil.
1
P NASH

1 ——— — -

- In addition, following a directiop parallel to the longitudinal axis of

I
!

24 L]
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b On the other hand, he proposes a $1mp1e correction of pitch moment,
i:correctlon which only 1nvolves/thg{ﬁqntwnbutlon of the horizontal stabilizer
L-at this igstant ([29], p. 11, formula #6) This latter viewpoint supports
- the methoq which we have alreaﬂy.usedyindrtha~correct1on relation wh1Fh we

;.have calcylated elsewhere. ; |
i

. | se s
: Consistent with the preceding compents, it is suggested to use the angle
i 1

-

induced at three quarterc of the mean aerodynamic chord le of the horizontal
stab111zer There should also more estecially be considered the mean aero-

'dynamlc chord of the part of the stabijizer outside the fuselage, since the

T

__augle induced by the walls, well def1nLd on the lift surface, is undefinable

Fon the part screened by the fuselage, pnd above all, when the stabilizer is

-
'_located against the sides of the latter.
= Cover Pgdf' Swurce

L If necessary, a stabilizer which js located quite high on the fin can

—be treated as an isolated airfoil.

~3.4.3 i

i We are therefore going to idel a_gene hl ek of _the.development of
| the calculations. '

When at right angles of the bearipg line: Ai = = 5%;-Cz, at a dis-

w_
Vv

2
and h

0
j-tance x = 1 downstrear from this line, w has ~hanged s become w + 1w,

Such that: |

i
'

TTTT _ O

i s
Ai=8l1+n S C

(]

= Ai§ +1.4i5

This evolution of the t coefficiJnt, parallel tc the longitudinal axis
of the wind tunnel, has been calculatja in the case of circular and ellipti-
cal test sections by Miss Lotz [30].

T Y T T T T

Having compared a half-model with wall in a circular guided test section
“to a complete model in an elliptical tlest section, the work of Miss Lotz

rhas been especially valuable and it wijll be used in the applications proposed
NAS

!

-
I"in parts four and five.

[::_ 1] 22,
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- Figure 7. Ddefinition of the Notatlons.

-

S

n

C

!

r—

C

!

i

r_

F T is a function of distance 1 related to 2R or to 2(R + d) (see Figure 4).
t Insofar as concerns the rectangulgr test sections, Silverstein and White
;have calculated T as a function of ce 1 related to width B of the test

1
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— A recent study by Joppa [31], or13:nal in its manner of treating wall
i

“corrections in a guided test seatiof.

-

—into uniform polygons containing layer% of vortices, has been found tb sup-
!"plement ajd confirm [17] and [3f]: quc T
L

344 ; ‘
I

hsisting in the sectioning of walls

l
L Indeed, two values of 1: 1a and ie should be used (Figure 7) since they
rallow, on one hand, the application of, correctlons for incidence and pitch
“moment of airfoil and, on the other hand corrections for pitch moment of
r.the complete model using the hor1zonta} stabilizer.

y_
!

- These corrections require, as wil]l be seen below, the knowledge, in some

fcases, of the lift gradient of the airfoil in the presence of the fuselage

.-and knowledge of the lift gradiews-rofgheshorizonta) stabilizer.

L Knowledge of these gradients therg¢fore implies supplementary testing.

L For example, there should be made| parallel to each configuration of

fa1rcraft model, a test without horizontal sta§111zer The machine program
Efﬁé"aliﬁwgi“in‘thé‘tasé“ﬁf"each inci

its placing in memory for the purpose
[test of complete model.

- In practice, it can be seen that it is possible to reduce the number of
“tests without stabilizer tov several type tests which can be used for the

f its I?ter use for the corresponding

fice, th ‘LI'LlafiGﬁ of (3C~7HT)'"§EH""

rﬁhole testing program of the stabilizer aircraft model.
3.4.5
r Experimental data allowing knowlefige of the aerodynamic operation of the
:porizontal stabilizer of an aircraft mpdel placed in a wind tunnsl are:
L The dynamic pressure Qg of the air at right angles of this s.abili-
E zer taken with respect to tl.. true and corrected dynamic pressure.q,
L of the blockage.
; Its lift gradient (dCz/di)e, the stabilizer being considered in
- its entirety, including the part jin the fuselage. The angle of inci-
; dence at right angles to the shﬂg lizer is not under consideration,
a

i
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E. the only factor is the angle induded by the walls and this angle is
= calculated as has been semyabdve i

t: e loss of 1lift undergone ’

f’ into {two parts: one conifigredinP JcaBEtbf certain aircraft configura-
-

}_ tiong--from the screened surface

E coming from the interaction produied by the 1 tter.

L3.h.6 ‘

!__ H

}

-

~be accomplished by calculations.

“sweepback or elongation.

g

Lof an airfoil.

———— In"this way, 4 $tabiliZer model i
ot only by a slight elongation and a

“dynamic operation.
p—

_characterized by a sweepback $25%*, we
t?elation:

In the absence of measurements, tTe search for the value of (%%599 can

-

L It is true that Polhamus (NACA T.N. 3311) and Diederich (NACA T.N. 2335},
"proposed relations allowing the calculation of the airfoil 1ift gradient,
_including any plane shape whatsoe¥erpadseSoasce function of the streamlining,

Now, a stabilizer possesses reduced dimen?ions with respect to those

L
| rather low Reynolds numbor, often lessithan 1.106 which conditions its aero-

In the case of a stabilizer consi*ered as an elongation airfoil e .nd

v the stabilizer may be separatLd

4nside the fuselare, and the otLer

, S .
characterized at the present time

ronounc?d sweepback, but also by a

have used the following theoretical

dCz ..

¥

-

Lthe case of low Reynold's numbers, in
study and analyzed by John J. Harper (
-

b

Ae
IR T Abak ey

This relation, originated by Ringieb (NACA T.M. 1158), confirmed, in

z"i"é'f is nothing more than the theoretical valae of the lift gradient
of a straight elliptical wing with elopgation A calculated by Glauert beginning

MAS
NTYOPY

CA T.N. 1278, has been taken under
T.N. 2495).

. % Sweepback of the line joining thgil

uarter point of the chords.

Z_
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z_From the Prandtl theory, and whence 2n,1s the thcoret1ca1 slope of the unit
"curve of 1lift of a fin prof1le%umth.mn}&n1ne elongation.
&-value is flound theoretically reduced by

This theoretical '
approximately 10% enabling t

5 expressed in degrees,. to aTitten: ;
- | ) ; |
i a dCz ~ 01 Xe !
i L m + COs tpzs%

]
Q

I
—

_ Taking into account the loss of lift k = Czf + e/Cze owing to the pre-
-sence of the fuselage, it is possible 6n an approximative basis to determine
'beginning from the study of Spreiter (ﬂACA T.R. 962, p. 7) and from the

~reduction of dynamic pressure qe/qc (o+ the order of 2 to 3%), there will
[ finally be produced: ,

b= Lover PaQe Source

- dCz ge dCz Ae

t qc(dl) "k§ dir T 008)\0+2 €os Y25 %

: 1 ‘

- |

— :

- . I N B (0} }
L ST |

b- i
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